The Gyro centrifugal Pump developed as a totally implantable artificial heart was designed with a free impeller, in which the rotational shaft (male bearing) of the impeller was completely separated from the female bearing. For this type of pump, it is very important to keep the proper magnet balance (impeller-magnet and actuator-magnet) in order to prevent thrombus formation and/or bearing wear. When the magnet balance is not proper, the impeller is jerked down into the bottom bearing. On the other hand, if magnet balance is proper, the impeller lifted off the bottom of the pump housing within a certain range of pumping conditions. In this study, this floating phenomenon was investigated in detail. The floating phenomenon was proved by observation of the impeller behavior using a transparent acrylic pump. The impeller floating phenomenon was mapped on a pump performance curve. The impeller floating phenomenon is affected by the magnet-magnet coupling distance and rotational speed of the impeller. In order to keep the proper magnet balance and to maintain the impeller floating phenomenon at the driving condition of right and left pump, the magnet-magnet coupling distance was altered by a spacer which was installed between the pump and actuator. It became clear that the same pump could handle different conditions (right and left ventricular assist), by just changing the thickness of the spacer. When magnet balance is proper, the floating impeller phenomenon occurs automatically in response to the impeller rev. It is called "the dynamic RPM suspension".
Introduction
The magnet-magnet coupling system is a very important aspect of a centrifugal pump in regards to the thrombus formation or hemolysis, and bearing wear (1) (2) . A strong magnet force jerks the impeller down into the bottom bearing and results in thrombus formation or bearing wear.
Conversely, a weak magnet force results in decoupling the combination of impeller and actuator, and decline of efficiency. Consequently, keeping the proper magnet balance is very important for a long-term clinically applied centrifugal pump.
The impeller floating phenomenon can be observed in a pivot bearing supported pump (3) (4) . It is considered that the condition in which the impeller floating phenomenon occurs is the proper magnet balance. This phenomenon is affected by the magnet (impeller)-magnet (actuator) coupling distance and rotational speed of the impeller. The aim of this study is to map the impeller floating phenomenon on a pump performance curve in order to maintain the proper magnet balance during pumping.
Materials and Methods
A completely seal-less Gyro centrifugal pump was used in this study. This pump, PI (permanently implantable) series, is being developed as a totally implantable artificial heart (5) (6). This pump is composed of the housing, impeller, and actuator. The pump has ultra-high molecular weight polyethylene female bearings and alumina ceramics male bearing. Six strong Neodymium-iron-boron composite magnets (diameter: 10mm) are installed inside the impeller and actuator. The direct current (DC) brushless motor (Softronics Co.) was used to drive the pump.
The combination of impeller (magnetic flux: 3.4KG, at the surface of the impeller) and actuator (magnetic flux: 2.36KG, at the surface of the actuator), and the combination of impeller (magnetic flux: 3.3KG, at the surface of the impeller) and actuator (magnetic flux: 2.12KG, at the surface of the actuator) were used for this study. This study used an acrylic pump, which was identical to the PI pump, to observe the impeller floating phenomenon. The schematic figure of the experimental setup is shown in Fig.1 . These studies were performed with a glycerin/water (37wt%) solution. In order to observe the impeller floating phenomenon, the distance between the top and bottom female bearing was lengthened by 1mm. The minimal magnet coupling distance (MCD, see Fig.1) between the impeller magnet and actuator magnets was designed to be 9mm. The MCD was altered from 9mm (standard condition) to 12.5mm by an acrylic spacer which was installed between the pump and actuator. The floating phenomenon was observed in Fig.2 . Also, Fig.2 
Results
Fig .3 shows the results using a combination of impeller (magnetic flux: 3.4KG) and actuator (magnetic flux: 2.36KG). As indicated in Fig.3 , the results were plotted on a Flow-Pressure curve. Consequently, the top contact area was extended and the bottom contact area was reduced.
However, the size of the hysteresis area remained unchanged. In MCD=9mm (Fig.3(a) ), the ordinary left ventricular assist device (LVAD) driving condition of 5L/min against 100 mm Hg belonged to the hysteresis area. When MCD=11mm or over, the LVAD driving condition belonged to the top contact area. Therefore, the proper spacers can be selected for the left pump (2.5mm spacer (MCD=11.5mm)) and for the right pump (3mm spacer (MCD=12mm)).
Discussion
During pumping, the working forces on the impeller are magnetic forces caused by the magnetic coupling, and the hydromechanical forces caused by differential pressure. The magnetic force which jerks the impeller down into the bottom bearing is calculated as:
where m1, m2 = magnetic flux, μ0 = magnetic permeability, r = magnet coupling distance and bottom housing increases. Therefore, blood flow in this clearance will be promoted (7), stagnant area of the pump will disappear, and a desirable condition for antithrombogenecity will be improved. Accordingly, the impeller position has to be in the top contact mode. However, driving condition of left pump is different from that of right pump. Therefore, two kinds of pumps are generally necessary for total BiVAD artificial heart implantation. However, a same pump is useful 
